Objective: To determine whether statins affect type 1 interferon responses in relapsing-remitting multiple sclerosis (RRMS).
(P = .006), and myxovirus resistance 1 protein by 32% (P=.004) compared with no-statin control in MNCs from therapy-naive RRMS patients. In vivo, 9 of 10 patients who received high-dose statins (80 mg) had a significant reduction in interferon-beta therapy-induced serum interferon-␣/␤ activity, whereas only 2 of 4 patients who received medium-dose statins (40 mg) had reductions. High-dose add-on statin therapy significantly blocked interferonbeta function, with less P-Y-STAT1 transcription factor activation, and reduced myxovirus resistance 1 protein and viperin protein production. Medium doses of statins did not change STAT1 activation.
Conclusions: High-dose add-on statin therapy significantly reduces interferon-beta function and type 1 interferon responses in RRMS patients. These data provide a putative mechanism for how statins could counteract the beneficial effects of interferon-beta and worsen disease.
Arch Neurol. 2012;69 (10) : [1303] [1304] [1305] [1306] [1307] [1308] [1309] . Published online July 16, 2012 July 16, . doi:10.1001 July 16, /archneurol.2012 M ULTIPLE SCLEROSIS (MS) is a chronic inflammatory disease in which autoreactive immune cells infiltrate the central nervous system (CNS), leading to demyelination and neurologic disability. 1 Interferon-beta ameliorates MS by altering peripheral and CNS immune responses and reducing disease activity. A total of 80% of patients with relapsingremitting MS (RRMS) benefit from interferon-beta, but patients with progressive MS have minimal response to interferonbeta therapy. 2 Endogenous type 1 interferons (interferon-␣ and interferon-␤) are important in disease progression and treatment response. Before therapy, interferon-␤-related pathways are fundamentally dysregulated in mononuclear cells (MNCs) from all forms of MS and are more abnormal than T H 1, T H 2, and other cytokine pathways. 3 After transition of RRMS to progressive MS, interferon-␤ no longer can phosphorylate serine on STAT1 or induce certain genes in vitro. 2 Statins ameliorate murine experimental autoimmune encephalomyelitis and are anti-inflammatory and neuroprotective. 4, 5 Atorvastatin and glatiramer acetate synergize in the treatment of CNS autoimmunity, 6 so clinical trials in RRMS have combined interferon-beta with statins. In most placebo-controlled trials, combination therapy is safe and well tolerated but has no clinical or magnetic resonance imaging (MRI) benefit over interferon-beta monotherapy. [7] [8] [9] However, in a smaller, placebo-controlled trial with MS patients who were stable while taking subcutaneous interferon-beta-1a for at least 1 year prior, adding high-dose atorva-statin caused clinical and MRI exacerbations in 10 of 17 patients. The interferon-beta-only group had fewer exacerbations (1 of 10 patients; P=.02), suggesting that statins antagonize interferon-beta therapy. 10 In a 307-patient, randomized, placebo-controlled, double-blind, phase 4 study, high-dose simvastatin (80 mg) added to interferon-beta-1a therapy produced no additional benefit. 8 There was actually a trend for higher relapse rates and disease activity in the comedication group compared with placebo, again suggesting antagonistic effects of add-on statin therapy.
How could statins impair interferon-beta therapy? Type 1 interferons bind to cell surface receptors, interferon-␣ receptor 1 and interferon-␣ receptor 2, and activate the JAK/STAT pathway, causing phosphorylation of tyrosine and serine residues on STAT1 and tyrosine on STAT2.
11,12 Phosphorylated STAT1-STAT2 heterodimer together with interferon-regulated factor 9 forms a complex that binds to DNA of the interferon-stimulated response element. 13, 14 The activated P-Y-STAT1 transcription factor affects expression of 1000 genes; P-S-STAT1 enhances signaling in a subset of these genes. Interferonbeta induces myxovirus resistance 1 (MxA) and viperin proteins and endogenous interferon-␤ and interferon-␣ subtypes. 15, 16 Through this pathway, type 1 interferon alters T H 1, T H 2, and T H 17 immunity, dendritic cell activation and maturation, cell cycle and apoptosis, and antigen presentation. 17 We hypothesized that statins block the type 1 interferon pathway. We evaluated in vitro pharmacokinetic and dose effects of statins on interferon-induced phosphorylation of STAT1 and STAT2 transcription factors and downstream interferon-stimulated proteins, interferon regulatory factor 1 (IRF-1), MxA, and viperin. We also compared in vivo effects of high-dose statins plus interferon-beta therapy on interferon responses, induced proteins, and endogenous type 1 interferon activity.
METHODS

STUDY PARTICIPANTS
In Vitro Experiments
Twenty-one therapy-naive patients with RRMS, 12 women and 9 men, had a mean (SEM) age of 43.7(2.2) years. None had been treated with immunomodulators for at least 3 months. None had ongoing infections.
In Vivo Experiments
Fourteen patients (4 black and 10 white; 64% female) had a mean (SEM) age of 54.2(2.6) years, an Expanded Disability Status Scale score of 4.10(0.49), an MS duration of 15.0(2.1) years, and interferon-beta treatment duration of 9.62 (1.66) years. Eleven patients were taking interferon-beta-1b, 2 patients were taking subcutaneous interferon beta-1a, and 1 patient was taking intramuscular interferon-beta-1a. There were 4 treatment groups in vivo: no drug, statin only, interferon-beta only, and statin added on to interferon-beta therapy. Serum and MNCs were obtained for all groups at various times.
Statin therapy was stopped for 5 to 7 days (Ͼ7 half-lives) to allow washout. Interferon-beta was stopped for 57 to 70 hours based on a prior study 18 to allow washout and to reflect basal levels of interferon-induced genes. Before phlebotomy and readministration of interferon-beta injections, patients undergoing continuous long-term statin therapy took 40-mg (n=4) or 80-mg (n=10) statins to maximize statin effects at a safe dose. After washouts, blood was drawn at 8 AM for baseline and then 4 hours (within 5 minutes) after the interferon-beta injection.
A total of 5 ϫ 10 6 MNCs were immediately lysed and stored for Western blotting. Another 5 ϫ 10 6 cells were cultured for 24 hours after interferon injections for ex vivo induction of MxA and viperin proteins. Serum was assayed for endogenous basal and therapy-induced type 1 interferon activity at 0 and 4 hours. All participants gave written informed consent for the University of Chicago institutional review board-approved protocol.
DOSE RESPONSE AND KINETICS OF INTERFERONS VS STATINS
The MNCs were isolated with Ficoll-Hypaque density gradients. A total of 4 ϫ 10 6 cells/mL were cultured in RPMI with 10% fetal calf serum (GIBCO 1640; Invitrogen) at 37°C in 5% carbon dioxide. Cells were preincubated for 15 minutes to 48 hours with 1-, 5-, 10-, or 20-µM atorvastatin (neat preparation; Anna Tallman, PharmD, Pfizer) and subsequently stimulated with interferon-beta-1b (0, 10, 20, 40, 80, 160, 320, and 500 U/mL) for 45 minutes to induce P-Y-STAT1 phosphorylation or for 24 hours to induce downstream proteins (MxA, IRF-1, and viperin; unphosphorylated STAT1 and STAT2). Stimulated cells were lysed and stored in 1ϫ Laemmli buffer for Western blotting.
2 Reversal of statin effects with 100-µM mevalonate (Sigma Chemical Co) confirmed that the 3-hydroxy-3-methylglutaryl coenzyme A pathway affects interferon signaling. 18 In addition, in Jurkat T cells at 4 ϫ 10 6 cells/mL, in vitro kinetics and dose-dependent inhibition with statins combined with induction by different forms of interferon-beta were assayed with Western blots.
SERUM INTERFERON-␣/␤ ACTIVITY ASSAY
Serum samples from 14 RRMS patients were tested using a highly sensitive assay (limit of detection of 0.1 U/mL, well below typical 10-to 20-U/mL enzyme-linked immunosorbent assay [ELISA] thresholds). Moreover, ELISA can be less specific for serum interferon than this bioassay because ELISA detects crossreacting but nonfunctional interferon-like proteins. 19 Briefly, the epithelial-derived WISH cell line (CCL-25l, ATCC) was a reporter for responsiveness to interferon-␣/␤. Total cellular messenger RNA (mRNA) was purified, and complementary DNA was reverse transcribed and quantified by reverse transcriptionpolymerase chain reaction with primers for MxA-1, RNAdependent protein kinase (protein kinase R), and interferoninduced protein with tetratricopeptide repeats 1 (IFIT-1). This bioassay was validated in large human populations and is specific for interferon-␣/␤ activity. [20] [21] [22] [23] Pretreatment of serum samples from MS patients with antibodies to interferon-␣ and interferon-␤ abolishes interferon-induced gene expression in this assay.
21,22,24
WESTERN BLOT ANALYSIS
A total of 4 ϫ 10 6 MNCs/mL were induced with media alone or interferon-beta-1b at 160 U/mL for 45 minutes for assay of P-Y-STAT1 and P-Y-STAT2 or for 24 hours for STAT1, STAT2, IRF-1, MxA, and viperin. 24 Interferon-beta-induced MxA mRNA 25 is well correlated with MxA protein on Western blots. 
STATISTICAL ANALYSIS
Values from washout vs treated experiments were compared with unpaired t tests. Baseline vs drug-induced values were analyzed with paired t tests in the same MS patients tested at all conditions.
RESULTS
INHIBITION OF TYPE 1 INTERFERON SIGNALING IN VITRO
Optimal conditions for interferon-stimulated STAT activation and downstream protein expression (MxA and IRF-1) were determined with different doses (0, 1, 5, 10, and 20 µM) and kinetics (0 and 15 minutes and 1, 3, and 24 hours) of atorvastatin before treatment in Jurkat T cells and RRMS MNCs. Three interferon-beta forms (interferon-beta-1a for intramuscular and subcutaneous use, and interferonbeta-1b for subcutaneous use but tested in vitro here) induced tyrosine phosphorylation of STAT1 in Jurkat cells after 45 minutes in vitro (eFigure 1A; http://www .archneurol.com). Preincubation with atorvastatin for 24 hours inhibited interferon-beta-stimulated P-Y-STAT1 and MxA and IRF-1 protein expression in a dosedependent manner for all 3 interferon-beta forms (160 U/mL) in Jurkat T cells in vitro (eFigure 1B). In human U937 monocytoid cells, all 3 interferon-beta forms exhibited similar dose responses and inhibition by statin before incubation (data not shown). Statins inhibited interferon-induced tyrosine phosphorylation on STAT1 but not on STAT2. P-S-STAT1 and nonphosphorylated STAT1 and STAT2 levels did not change (data not shown), indicating that atorvastatin specifically targets P-Y-STAT1 in Jurkat cells.
Blockade of interferon-stimulated P-Y-STAT1 began at 15 minutes and was maximal after 24 hours before incubation with high-dose atorvastatin (eFigure 2A). A total of 10 µM of atorvastatin markedly decreased interferonbeta-1b-stimulated MxA and IRF-1 production; lower statin doses were less inhibitory. High-dose atorvastatin inhibition of interferon-beta-1b-induced P-Y-STAT1 in MNCs from therapy-naive RRMS patients was confirmed with blockade of interferon ␥, a strong inducer of P-Y-STAT1 (eFigure 2B).
STAT1 and STAT2 must be phosphorylated for interferon-stimulated gene expression. After pretreatment for 24 hours with 10 µM of atorvastatin, MNCs from 21 therapy-naive RRMS patients were stimulated with 160 U/mL of interferon-beta-1b for 45 minutes. Atorvastatin reduced interferon-stimulated P-Y-STAT1 by 44% compared with no-statin control (PϽ.001) (Figure 1) . One hour of 100-µM mevalonate before incubation reversed statin inhibition, 26 indicating specificity of atorvastatin in inhibiting P-Y-STAT1. Atorvastatin did not block induction of type 1 interferon-stimulated P-S-STAT1 or unphosphorylated STAT1 and STAT2 in MNCs (Figure 1) .
Pretreatment atorvastatin reduced downstream interferon-beta-stimulated IRF-1 (30% reduction, P=.006) and MxA protein (32% reduction, P =.004) compared with no-statin control in paired MNCs from the same therapynaive RRMS patients (Figure 1 ). Pretreatment simvastatin (10 µM) also significantly inhibited type 1 interferon responses in MNCs from RRMS patients (data not shown).
HIGH-DOSE STATIN ADD-ON THERAPY AND IN VIVO INTERFERON-␤ SIGNALING IN RRMS PATIENTS
To determine whether statin add-on therapy impairs interferon-beta therapy induction of endogenous serum interferon-␤ activity, we measured serum type 1 inter- feron activity and interferon-induced proteins in 14 interferon-beta-treated RRMS patients under 4 different conditions (Figure 2) . To determine the optimal time for measuring serum interferon activity, we first performed kinetics in stable RRMS patients receiving interferon-beta therapy but no statins. Blood was drawn at baseline and periodically from 10 minutes to 27 hours, and serum interferon activity was analyzed with a highly sensitive assay. Figure 3A shows representative kinetics from a stable RRMS patient given interferon-beta-1a (44 µg, 9 MU subcutaneously) after a 3-day interferon washout. Serum type 1 interferon activity was elevated by 30 minutes after interferon-beta injection and remained high until 6 hours later, then declined by 27 hours. Interferon-␤ averaged a 3-fold induction of P-Y-STAT1 from baseline. This interferon activity initially reflects administered interferon-beta and later is from therapyinduced endogenous interferon-␤ and interferon-␣, based on blocking experiments with specific antiinterferon-␣ and anti-interferon-␤ antibodies. We used the 4-hour point for in vivo interferon-␤ stimulation because interferon-␣/␤ induction was still high 4 hours after interferon-beta injection, and many interferonstimulated genes are induced within 4 hours. 27 Statin add-on therapy significantly reduced serum type 1 interferon activity compared with interferon-beta monotherapy ( Figure 3B) . Nine of 10 patients who received high-dose statins (80 mg of atorvastatin or simvastatin) had significant reduction in serum interferon-␣/␤ activity. Two of these patients had undetectable levels of serum interferon activity at all conditions even with this sensitive bioassay ( Figure 3C ). However, 2 of 4 patients who received medium-dose statins (40 mg) had no reduction in serum interferon-␣/␤ activity. These data indicate that high-dose statin add-on therapy inhibits interferon-␤ activity in most patients, whereas moderate doses have lesser inhibitory effects.
Ex vivo MNCs were studied in 4 different treatment conditions to confirm the in vitro effects of statins on interferon-␤ responses. There was a significant in vivo reduction in tyrosine phosphorylation of STAT1 in the high-dose statin add-on group compared with interferonbeta monotherapy, whereas medium-dose statins did not affect STAT1 phosphorylation ( Figure 4A) . In addition, 6 of 14 RRMS patients receiving combination therapy had significant reduction in interferon-stimulated MxA and viperin proteins compared with interferon-beta monotherapy ( Figure 4B ). These results demonstrate that high-dose statin add-on therapy blocks interferon-␤ responses in vivo.
Together, our data from cell culture, in vitro studies in therapy-naive RRMS patients, and in vivo studies in interferon-beta-treated RRMS patients receiving statin add-on therapy reveal that high-dose statins inhibit interferon-␣/␤ activity by blocking tyrosine phosphorylation on STAT1 and preventing interferon responses. 
Stable RRMs patients receiving interferon-beta plus statins
COMMENT
We demonstrate that high-dose statins inhibit interferon signaling. Atorvastatin dose dependently inhibits interferon-␤ induction of P-Y-STAT1 and downstream proteins. Preincubation in vitro with statins in Jurkat T cells and MNCs blocked interferon responses within 15 minutes and reached maximal inhibition at 24 hours (eFigures 1 and 2). This finding is consistent with other dose and pharmacokinetic studies. 26, 28 Statins inhibit cholesterol synthesis but are also antiinflammatory and thus are a potential therapy for MS and other neuroinflammatory diseases. [29] [30] [31] [32] Statins suppress proinflammatory T H 1 and T H 17 responses in experimental autoimmune encephalomyelitis and MS lymphocytes. 28, [33] [34] [35] In 30 RRMS patients, monotherapy with 80 mg of simvastatin appeared to reduce the volume and number of gadolinium-positive MRI lesions by 44% from baseline in patients with active disease. 36 Treatment with high-dose atorvastatin for 9 months reduced MRI contrast-enhancing lesions (CELs). 37 In these uncontrolled studies with significant baseline MRI activity, the decrease in activity could have arisen from regression to the mean. 38 Potential mechanisms of statin benefit in MS include (1) regulating extracellular kinase ERK and p38 phosphorylation through Rac and Rho pathways, which would block T H 1 activation and induce a T H 2 shift 39 ; (2) impairing activation of Ras superfamily GTPases to inhibit the major histocompatibility class II antigen presentation pathway 40 ; (3) blocking STAT activation to inhibit interleukin 17 production 34 ; and (4) disturbing formation of cholesterol-containing microdomains (lipid rafts), thereby inhibiting function of the T-cell receptor and major histocompatibility class I and II. [41] [42] [43] [44] However, MRI and clinical effects may be complex in humans because simvastatin inhibits CNS remyelination by blocking oligodendrocyte progenitor differentiation, 45 and atorvastatin promotes some proinflammatory T H 1 responses by raising interleukin 12p70. 46 High-dose atorvastatin in vitro specifically blocks formation of P-Y-STAT1 but not P-S-STAT1 or P-Y-STAT2 in MNCs from therapy-naive RRMS patients (Figure 2 ). High-dose statins in vivo also block interferon-betainduced transcription factor activation and expression of interferon-induced proteins in RRMS; moderate-dose statins were less inhibitory (Figures 3 and 4) . Our results may explain why some clinical studies with high-dose statins (80 mg/d) added to interferon-beta therapy found loss of clinical benefit or worsening of MRI, whereas studies with relatively low-dose statins (20 mg/d) are more variable. 7, 8, 10, 37, 47, 48 In the interferon-beta-only group of the SENTINEL trial (intramuscular interferon-beta-1awith or without natalizumab), a subgroup of 40 RRMS patients with ongoing disease activity while taking interferon-beta received low to high doses of various statins. No differences were found in clinical activity, CELs, or new T2 lesions. 7 In another study, 47 the total relapse rate was lower with 40 mg of simvastatin added on to intramuscular interferon-beta-1a, but the MRI results did not favor simvastatin. With low-dose atorvastatin added on (20 mg/d) to patients with active disease while receiving subcutaneous interferon-beta-1a therapy, CELs and relapses were reduced compared with baseline in the combination group vs the interferon monotherapy group. 48 In 16 RRMS patients with consistent baseline MRI activity, 80 mg of atorvastatin added on to 22 µg of interferon-beta-1a or to interferon-beta-1b therapy nonsignificantly reduced the number and volume of CELs vs baseline but increased T2 lesions for 9 months. 38 A parallel atorvastatin-only group showed similar effects, so regression to the mean is possible. A large phase 4 study (307 RRMS patients) demonstrated that 80 mg of simvastatin added on to weekly interferon-beta-1a did not benefit clinical and MRI activity and suggested that simvastatin should not be added as treatment for RRMS. 8 Simvastatin (80 mg) (n=21) and placebo (n=16) groups had no difference in expression of interferon-␤-inducible genes IL10, TNFSF10, MX1, and IRF7 in PAX gene-collected whole blood, appropriately obtained 9 to 12 hours after injection of interferon-beta-1a intramuscularly.
Our in vivo study design differed from other studies 7, 8 that found no changes in interferon responses. We used statistically powerful, paired, within-subject analysis to minimize variability between patients receiving or not receiving statin therapy vs cross-sectional comparisons between placebo and statin groups. We measured more stable protein production instead of mRNA and used MNCs instead of whole blood to eliminate the up to 15-fold higher signals from polymorphonuclear leukocytes and reticulocytes in whole blood. 27 Moreover, our serum interferon activity assay is much more sensitive than ELISA. 24 We tested only 14 RRMS patients, but statistical significance was found for multiple measures. We did not study long-term statin effects on clinical and MRI activity in these 14 RRMS patients because prolonged block of interferon therapy could allow recurrence of clinical activity. 10 Different statins may have various effects on interferon-beta therapy based on their half-lives, pharmacokinetics, and blood-brain barrier penetration based on hydrophobicity vs hydrophilicity. 28, 49, 50 Divergent results among clinical studies could be due to various doses and forms of statins, 51 weekly vs every-other-day interferon-beta, effects on oligodendroglia and immune cells, 9 and wide pharmacogenomic divergence in response to statins. 52 In conclusion, high-dose statin add-on therapy impaired the ability of interferon-beta to activate STAT1 and, in turn, to induce IRF-1, serum type 1 interferons, and MxA and viperin proteins. More important, subtle shifts in immune cell activation or expression of regulatory proteins can disproportionately increase an ordinarily small percentage of autoreactive cells. 53 This study provides evidence that high-dose statins (80 mg/d) inhibit interferon effects by targeting STAT1 activation in vitro and during interferon-beta therapy. This finding suggests that MS patients who have high cholesterol levels should be cautious when combining high-dose statin therapy with interferon-beta.
